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This paper statistically examine wind characteristics from seven meteorological stations within the
North-West (NW) geo-political region of Nigeria using 36-year (1971–2007) wind speed data measured
at 10 m height subjected to 2-parameter Weibull analysis. It is observed that the monthly mean wind
speed in this region ranges from 2.64 m/s to 9.83 m/s. The minimum monthly mean wind speed was
recorded in Yelwa in the month of November while the maximum value is observed in Katsina in the
month of June. The annual wind speeds range from 3.61 m/s in Yelwa to 7.77 m/s in Kano. It is further
shown that Sokoto, Katsina and Kano are suitable locations for wind turbine installations with annual
mean wind speeds of 7.61, 7.45 and 7.77 m/s, respectively. The results also suggest that Gusau and Zaria
should be applicable for wind energy development using taller wind turbine towers due to their respec-
tive annual mean speeds and mean power density while Kaduna is considered as marginal. In addition,
higher wind speeds were recorded in the morning hours than afternoon periods for this region. A tech-
nical electricity generation assessment using four commercial wind turbines were carried out. The results
indicate that, while the highest annual power is obtained with Nordex N80–2.5 MW as 14233.53 kW/year
in Kano, the lowest is in Yelwa having 618.06 kW/year for Suzlon S52. It is further shown that the highest
capacity factor is 64.95% for Suzlon S52–600 kW in Kano while the lowest is 3.82% for Vestas V80–2 MW
in Yelwa.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Energy is considered a prime agent in the generation of wealth,
a signiﬁcant factor in economic development and the driving force
of industrialization [1,2]. Nigeria has a high population growth rate
and is heavily dependent on oil and gas as her main source of rev-
enue, which coupled with policy instability to expose the economy
to global energy dynamics thereby, rendering the industry as one
of the most inefﬁcient in satisfying the needs of the populace glob-
ally [2]. The demand for energy and particularly for electricity has
witnessed an escalating growth due to the rising population to-
gether with the social and economic development of the country,
which took an upswing since 1999 with the commencement of
the democratic mode of governance in the country [2].
According to Ohunakin [2], energy outlook of Nigeria reﬂected
that energy demand is very high and increasing geometrically
while the supply remains inadequate, insecure, and irregular, it is
decreasing with years. The mix hitherto is dominated by fossilll rights reserved.
x: +234 1 7900724.
rsity.edu.ng (O.S. Ohunakin).sources which are fast being depleted apart from being
environmentally unfriendly [2,3]. The situation calls for the
diversiﬁcation of the energy supply mix by creating full awareness
to promote and develop the vast renewable energy resources
present in the country. Nigeria has a large potential for renewable
resources which includes hydropower (large and small), solar,
biomass and wind [2,3]. Some parts of Nigeria are endowed with
strong wind conditions like the coastal areas and the offshore
states namely Lagos, Ondo, Delta, Rivers, Bayelsa, Akwa-Ibom,
the inland hilly regions of the North, the mountain terrains in
the middle belt and the northern part of the country [2].
Wind is an inexhaustible resource whose energy utilization has
been increasing around the world at an accelerating pace while the
development of new wind projects continues to be hampered by
the lack of reliable and accurate wind resource data in many parts
of the world, especially in the developing countries. Such data are
needed to enable governments, private developers and other inves-
tors determine the priority that should be given to wind energy
utilization and to identify potential areas that might be suitable
for its development [4]. They also noted that the most important
parameter for evaluation of wind energy resources is the wind
speed and any choice of wind turbine design must be based on
3198 O.S. Ohunakin et al. / Applied Energy 88 (2011) 3197–3206the mean wind velocity at the selected wind turbine construction
site. However, wind energy potential is not easily estimated since
it depends to a large extent on the site characteristics and topogra-
phy [5]. But, an accurate wind resource assessment is an important
and critical factor to be well understood for harnessing the power
of the wind.
In order to determine the suitability of a site for wind energy
development, the US Department of Energy’s Federal Wind Energy
Program, Battelle-Paciﬁc Northwest Laboratory (PNL), numerically
classiﬁed wind resources into different classes ranging from class 1
(lowest) to class 7 (highest) [6,7]. Each class represents a range of
wind power density or a range of equivalent mean wind speed at
speciﬁed height above ground level. In general, Class 4 and above
are considered suitable for most wind turbine applications, Class
3 areas are suitable for wind energy development using taller wind
turbine towers, Class 2 regions are considered marginal for wind
power development and Class 1 regions are unsuitable.
1.1. Previous work
The characteristics and pattern of wind speed across Nigeria
have been investigated by some researchers in the past. Due to
accessibility to wind speed data information, some researchers
reported wind speed data in one or two locations [e.g. 8–11] while
others reported wind speed data across the country [e.g. 12–16].
Ojosu and Salawu [12] reported wind speed data from
1951–1975 from 22 stations across the country and they con-
cluded that Sokoto area (in northern part) have highest wind speed
of about 5.12 m/s in the month of June with annual mean of
3.92 m/s. Furthermore, they reported wind speed of about 2 m/s
or less in the middle and southern areas. Adekoya and Adewale
[13] based on wind data from 30 stations, reported that the meanFig. 1. Map of Nigeria showing the measurementwind speed in Nigeria is in the range of 1.5–4.1 m/s. In addition,
they noted that the annual mean wind speed is equal to or greater
than 2.5 m/s in the northern parts of the country while the mean
wind of less than 2.5 m/s were observed in the southern locations.
Similarly, based on wind data from 1979–1988 for 18 stations,
Fagbenle and Karayiannis [14] reported that mean wind speeds
in Nigeria ranged from about 2 m/s to about 4 m/s with highest
mean speeds of about 3.5 m/s and 7.5 m/s in the southern and
northern areas, respectively. Furthermore, Chineke [15] reported
the monthly mean wind speed measured at 10 m height from
1961to 1990 in the 36 states capitals of Nigeria. Similar to previous
studies, he reported that the monthly mean wind speed range from
1.3 m/s in Oshogbo in the south west to about 3.9 m/s in Jos (north
central) and Katsina (north west) areas.
However, while the above cited studies reported that the wind
speed in Nigeria varied from 2 m/s to 4 m/s, recent measured wind
data presented by Fadare [16] shows that the annual mean wind
speeds range from about 2 m/s to 9.5 m/s. The different in the
range of wind speeds reported by these authors may be related
to the period in which the wind data were recorded. While
Adekoya and Adewale [13] and other researchers used wind speed
data that ranged from 1951–1992 for their analysis, Fadare [16] on
the other hand used recent data from 1983–2003 for his analysis.
Furthermore, the higher measured wind data reported by Fadare
[16] may be due to increment in wind speed as a result of defores-
tation activities across the country. Also, most recent wind data
(1987–2007) reported by Fagbenle et al. [11] for two locations
(Maiduguri and Potiskum) in the north-east part of the country is
in agreement with Fadare [16] ﬁndings. For instance, while Ojosu
and Salawu [12] reported that the monthly mean wind speed for
Maiduguri and Potiskum varied from 2.22 m/s to 3.52 m/s and
2.16 m/s to 4.84 m/s respectively, Fagbenle et al. [11] reported thatstations in North-West geo-political region.
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varied from 3.90 m/s to 5.85 m/s and from 4.35 m/s to 6.33 m/s.
The observed difference is in agreement with ﬁnding of Fagbenle
and Karayiannis [14]. These authors reported that the Weibull
function scale parameter and shape parameter and hence, wind
speed, depends on the period and duration when the wind data
are collected.
1.2. Present work
As mentioned previously, the recent studies have shown that
there is signiﬁcant difference in recent wind speed data
(1971–2007) and those based on wind data from around 1951 to
1992. Therefore, there is need to analysis the wind speed data
across the country based on current or recent information, since
update information about wind speed are essential if right decision
have be made regarding the wind energy development. Most
previous studies have identiﬁed the northern (especially the
North-West) part of Nigeria as the more suitable region for wind
energy resource development. This paper therefore aims at further
investigating and quantifying the wind characteristics as well as
the possibility of adopting wind energy as an electricity generation
source in selected locations in North-West geo-political region of
Nigeria, based on recent long range wind data from seven
meteorological stations spreading across the region (see Fig. 1).
Furthermore, most previous studies focus on the wind speed and
wind power density distribution while less attention was given
to evaluation of the performance commercial wind turbines. The
information about the performance wind turbine will be helpful
to government and any organization to make an informed decision
regarding investment in wind energy resource in this part of the
country. In addition, business investors will also ﬁnd this informa-
tion useful.
2. Wind data and analysis
2.1. Wind speed data
The wind data used in this study were obtained from the
Nigerian Meteorological Agency (NIMET), Oshodi, Lagos. The
geographical coordinates of the meteorological stations, where
wind speed data were captured at 10 m height by a cup-generator
anemometer, are given in Table 1. A 36-year (1971–2007) monthly
wind data together with a synoptical data captured at two respec-
tive hours of 9:00 and 15:00 daily were obtained for Yelwa, Zaria,
Sokoto, Gusau, Kaduna, Katsina and Kano. The recorded wind
speeds were computed as the mean of the speed for each month.
2.2. Data analysis
Even though ANN technique is proved to be efﬁcient and
accurate [16] when compared with other statistical techniques
commonly used in wind data modeling, the two-parameter
Weibull probability distribution function is the most appropriateTable 1
Geographical coordinates of North-West region.
Station Latitude N Longitude E Elevation (m)
Yelwa 10.53 04.45 244.0
Zaria 11.06 07.41 110.9
Sokoto 12.28 04.13 220.0
Gusau 12.10 06.42 463.9
Kaduna 10.36 07.27 645.4
Katsina 13.01 07.41 517.6
Kano 12.03 08.12 472.5distribution function for wind speed data analysis [17]. In addition,
it gives a better ﬁt for measured monthly probability density distri-
butions than other statistical functions [6,17,18]. Therefore, the
two-parameter Weibull probability density function was used in
this study. The Weibull probability density function is given as
[18]:
f ðvÞ ¼ k
c
 
V
c
 k1
exp  V
c
 k" #
ð1Þ
where f(v) = the probability of observing wind speed (V), k = dimen-
sionless Weibull parameter and c = the Weibull scale parameter
(m/s). The scale factor could be related to the mean wind speed
through the shape factor and this factor determines the uniformity
of the wind speed in a given site; the uniformity of the wind at any
given site increases with increasing value of k for a given scale
parameter. The cumulative distribution F(V) is the integral of the
probability density function and it is expressed as [18]:
FðVÞ ¼ 1 eðV=cÞk ð2Þ
The monthly and annual values of Weibull parameters were cal-
culated using standard deviation method among other methods
listed in [19]. This method is useful due to the following [20–22]:
(i) appropriate in situations, where only the mean wind speed
and standard deviation are available, (ii) it gives better results than
graphical method and (iii) its relatively simple expression when
compared with other methods. In addition, most other methods
may require more detailed wind data (which in some cases are
not readily available) for the determination of the Weibull distri-
bution shape and scale parameters. The shape and scale factors
are thus computed from Eqs. (3) and (4) given by [23]:
k ¼ r
Vm
 1:086
ð1 6 k 6 10Þ ð3Þ
c ¼ Vm
C 1þ 1k
  ð4Þ
where r is the standard deviation, Vm is the mean wind speed (m/s)
and CðxÞ is the gamma function which is deﬁned as [20]:
CðxÞ ¼
Z 1
0
tx1etdt ð5Þ
The shape factor and scale factor are related by [23]:
Vm ¼ cC 1þ 1k
 
ð6Þ
The two signiﬁcant wind speeds for wind energy estimation are
the most probable wind speed (Vmp), and the wind speed carrying
maximum energy (VmaxE). They can be expressed respectively as
[5]:
Vmp ¼ c k 1k
 1=k
ð7Þ
VmaxE ¼ c kþ 2k
 1=k
ð8Þ
Wind turbine system operates at its maximum efﬁciency at its
design or rated wind speed and hence, it is essential that the rated
wind speed and the wind speed carrying maximum energy should
be as close as possible [24].
2.3. Extrapolation of wind speed at different hub height
In most cases, the available wind data are measured at height
different from the hub height and since the wind speed at the
hub height is of interest for wind power application, the available
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following Power law expression [18]:
V
Vo
¼ h
ho
 a
ð9Þ
where V is the wind speed at the required height h, Vo is wind speed
at the original height h0, and a is the surface roughness coefﬁcient
and is assumed to be 0.143 (or 1/7) in most cases. However, the
surface roughness coefﬁcient can also be determined from the
following expression [4]:
a ¼ ½0:37 0:088 lnðUoÞ 1 0:088 ln ho10
  
ð10Þ
Alternatively, the Weibull probability density function can be used
to obtain the extrapolated values of wind speed at different heights.
This approach is used in this study. The Weibull parameters at mea-
surement height are related to the parameters at the wind turbine
height by the following expressions [18,25]:
cðhÞ ¼ co hho
 n
ð11Þ
kðhÞ ¼ ko 1 0:088 ln ho10
  
1 0:088 ln h
10
  
ð12Þ
where co and ko are the scale factor and shape parameter respec-
tively at the measurement height ho and h is the hub height. The
exponent n is deﬁned as:
n ¼ ½0:37 0:088 lnðcoÞ 1 0:088 ln h10
  
ð13ÞTable 2
Seasonal variations of wind characteristics for the seven sites at 10 m height for the
period 1971–2007.
Season Mean wind speed
(m/s) @ 10 m
Vmp VmaxE Average power density
(W/m2) @ 10 m
Yelwa
Rainy season 3.99 4.00 5.07 58.74
Dry season 3.06 3.14 3.71 22.81
Sokoto
Rainy season 7.18 7.49 7.96 264.92
Dry season 7.82 8.08 9.17 347.67
Gusau
Rainy season 5.45 5.67 6.25 120.83
Dry season 6.42 6.63 7.55 207.31
Kaduna
Rainy season 4.78 4.99 5.27 74.61
Dry season 5.52 5.75 6.36 126.70
Katsina
Rainy season 7.96 8.27 9.37 391.31
Dry season 7.19 7.22 9.03 314.13
Zaria
Rainy season 5.64 5.89 6.34 130.80
Dry season 6.31 6.57 7.31 188.51
Kano
Rainy season 7.81 8.03 9.51 371.03
Dry season 7.74 7.85 9.60 367.86
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Fig. 2. Monthly mean wind speeds variations at 10 m height.2.4. Wind power density
The power of wind can be estimated by using the following
equation [4]:
PðVÞ ¼ 1
2
qAv3m ð14Þ
However, the wind power density (wind power per unit area) based
on the Weibull probability density function can be calculated using
the following equation [18]:
pðVÞ ¼ PðVÞ
A
¼ 1
2
qc3C 1þ 3
k
 
ð15Þ
where P(V) = the wind power (W), p(V) = the wind power density
(W/m2), q = the air density at the site (assumed to be 1.21 kg/m3
in this study), A = the swept area of the rotor blades (m2).
2.5. Estimation of wind energy
The extractible mean daily and monthly energy, together with
the annual energy are deﬁned by the following relationships in
Eqs. (16)–(18) [26]:
Ej ¼ 24 103 PT ðkW h=m2Þ ð16Þ
Ejm ¼ 24 103 dPT ðkW h=m2Þ ð17Þ
Ea ¼
X12
n¼1
Ejm ðkW h=m2=yearÞ ð18Þ
where PT ¼ pðVÞ in (W/m2) and d is the number of days in the
month considered.
2.6. Power output of wind turbine and capacity factor
By matching the actual wind frequency distribution of a site
with a suitable model of the WECS, the energy output can bemaximized [18]. Hence, a wind energy conversion system can
operate at maximum efﬁciency only if it is designed for the partic-
ular site, since the rated power, cut-in and cut-off wind speeds
must be deﬁned based on the site wind characteristics. These
parameters can be chosen so as to maximize the delivered energy
for a given amount of available wind energy. The mean power out-
put Pe,ave and capacity factor Cf are important performance param-
eters of WECS. While Pe,ave determines the total energy production,
Cf represents the fraction of the mean power output over a period
of time to the rated electrical power (PeR) [4,18]. The mean power
output Pe,ave and capacity factor Cf of a wind turbine can be calcu-
lated using the following expressions [18]:
Pe;ave ¼ PeR e
ðvcc Þk  eðvrc Þk
vr
c
 k  vcc k  e
ðvfc Þk
 !
ð19Þ
Cf ¼ Pe;avePeR ð20Þ
where mc ; mr; mf are the cut-in wind speed, rated wind speed and
cut-off wind speed respectively. For an investment in wind power
O.S. Ohunakin et al. / Applied Energy 88 (2011) 3197–3206 3201to be cost effective, the capacity factor should generally lie between
0.25 and 0.40; Cf P 0:40 indicate strong interaction between the
wind turbine system and the environment [27].3. Results and discussion
3.1. Mean wind speed and seasonal variation
The monthly variations of mean wind speed for selected sites at
height of 10 m are shown in Fig. 2. The minimummean wind speed
in this region is observed to be about 2.64 m/s and was observed in
November at Yelwa while the maximum mean wind speed of
about 9.83 m/s was observed in the month of June at Katsina.
Furthermore, four of the sites (Zaria, Sokoto, Gusau and Kaduna)
have their highest mean wind speeds of 7.54, 9.00, 7.39 and
6.90 m/ respectively, in the month of January. However, Zaria,
Gusau and Kaduna have their lowest mean wind speed values in
October while Sokoto has its lowest value of mean wind speed inJan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec --
0.0
2.0
4.0
6.0
8.0
10.0(a)
Months
 09:00 hr.
 15:00 hr.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec --
0.0
2.0
4.0
6.0
8.0
10.0(c)
 09:00 hr.
 15:00 hr.
Month
(
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec --
0.0
2.0
4.0
6.0
8.0
10.0(e)
 09:00 hr.
 15:00 hr.
Month
(
M
ea
n 
w
in
d 
sp
ee
d 
(m
/s)
M
ea
n 
w
in
d 
sp
ee
d 
(m
/s)
M
ea
n 
w
in
d 
sp
ee
d 
(m
/s)
Fig. 3. Monthly variations of wind speeds at two synoptical hours of 9:00 and 15:00 atSeptember. Katsina and Kano have the maximum mean wind
speeds occurring in June while the minimum value was recorded
in November for Katsina and in October for Kano. Yelwa on the
other hand, has its maximum mean wind speed in April and min-
imum in November.
The observed trend in the monthly mean wind speed is related
to the elevation of each site above sea level and their weather con-
dition during the year. The North-West region of Nigeria is gener-
ally characterized by two seasons (rainy and dry) and the selected
locations having different elevations ranging from 110.9 m in Zaria
to 645.4 m in Kaduna (Table 1). In addition, Zaria, Sokoto, Gusau,
Kaduna, Katsina and Kano have similar seasonal duration range
from June to September (rainy season) and October to May for
the dry season, whereas Yelwa is having rainy season between
April to October and dry season from November to March.
Topography in the region is generally characterized by undulating
land, with sand dunes of various sizes spanning across the region
with savannah vegetation and a semi-arid climate. Harmattan is
experienced across the zone during dry season as a result of theJan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec --
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Fig. 4. Monthly variations for (a) mean power density and (b) mean energy density
at 10 m height.
Table 3
Annual wind characteristics for the seven sites at 10 m height for the period
1971–2007.
Locations Annual mean
wind speed (m/s)
Annual mean
power density
(W/m2)
Annual energy
(kW h/m2/year)
Class
Yelwa 3.61 43.77 383.65 1
Sokoto 7.61 320.09 2795.76 6
Gusau 6.09 178.48 1560.83 3
Kaduna 5.27 109.30 953.92 2
Katsina 7.45 339.85 2976.29 6
Zaria 6.08 169.27 1476.99 3
Kano 7.77 368.92 3224.44 6
3202 O.S. Ohunakin et al. / Applied Energy 88 (2011) 3197–3206North-East trade wind blowing across the whole area from Sahara
and resulting in signiﬁcantly low temperature during this period,
with variation of a hot afternoon and a cold morning. However,
the rainy season is characterized by slow moving westerly winds,
whereas in Yelwa, strong squalls are observed to accompany the
westerly winds at start of the rainy season (April), bringing about
a high wind speed and later followed by a continual decrease in
wind speed to a least at the commencement of dry period
(November).
The effect of seasonal variation on the annual mean wind speed
distribution is presented in Table 2. This table shows that seasonal
effect on the mean wind speeds is less signiﬁcant in Kano where
changes in seasonal mean wind speeds relative to the annual mean
speed, b, is less than 1%. However, the seasonal effect is signiﬁcant
in Yelwa, where b is about 26%. In addition, it is observed that
the mean speed ranges from 3.06 m/s in Yelwa (dry season) to
7.96 m/s in Katsina (rainy season) while the mean power density
is between 22.81 and 371.03 W/m2 for Yelwa (dry season) and
Kano (rainy season) respectively. Furthermore, the mean wind
speed is generally stronger during the dry season in Sokoto, Gusau,
Kaduna, and Zaria; this is in agreement with results of Fagbenle
and Karayiannis [14] for Sokoto. On the other hand, Yelwa, Katsina
and Kano have stronger mean wind speed in the Rainy season. This
could be attributed to: (i) changing temperature stratiﬁcation and
(ii) vertical exchange in momentum more prominent during the
rainy seasons in the respective sites, thus causing an increase of
wind speed as a result of thermal convection.
Fig. 3 shows the monthly variations of mean wind speeds of
the sites, taken at two synoptical hours of 9:00 and 15:00 for
the whole year. At the time of this research work, synoptical data
were only available for six locations wind data while that of Kat-
sina is yet to be reported. Similar to the results of Fagbenle and
Karayiannis [14] for Sokoto, it can be observed from the trend
of plotted curves that irrespective of the location higher mean
wind speeds occur in the morning hour periods. This could still
be connected to thermal convection causing an increase of wind
speeds as previously discussed. Furthermore, the difference in
mean wind speeds between these two reported hours of the
day is more pronounced during the dry season months. In addi-
tion, Zaria, Sokoto, Gusau, Kaduna, and Kano (Fig. 3b–f) showed
similar pattern for the two study hours with a continual steady
decrease in wind speeds during the rainy seasons as a result of
the slow moving Westerly winds, followed by a gradual increase
in wind speeds from the beginning of the dry season due to the
arrival of the North-West trade winds. Higher wind speed notice-
able at the start of the rainy season in Yelwa (April) as shown in
Fig. 3a could be said to be the strong squalls trailing the Westerly
winds as earlier discussed.
3.2. Monthly mean power and energy density
The monthly variations of mean power density and mean
energy density for selected sites at height of 10 m are shown in
Fig. 4. As expected, the monthly mean power density (Fig. 4a)
follows the same trend as the mean wind speed (see Fig. 2). The
monthly mean power density in this region ranges from about
12.74 W/m2 (December) in Yelwa to 654.77 W/m2 (month) in
Katsina. In addition, based on the monthly mean power density,
the wind resources in Kano fall into Class 4 or higher for all the
months of the year except in October when it falls into Class 3.
The wind resource can be classiﬁed into Class 3 or higher for
Katsina and Sokoto for all the months except in September and
November respectively, when they fall into Class 2. Therefore,
these three locations can be considered as excellent sites for wind
energy development. In addition, it can be observed that wind
resources in both Gusau and Zaria fall into Class 3 in most of themonths except between August and November. Thus, these
locations are suitable for wind energy development but taller wind
turbine towers will be required to enhance the WECS performance.
The ﬁgure also shows that Kaduna and Yelwa in general, falls into
Class 2 and Class 1 respectively. Hence, Kaduna can therefore, be
marginally considered for wind energy development while Yelwa
can be considered unsuitable.
The mean monthly energy density follows the same character-
istics similar to the monthly power density pattern (Fig. 4b). The
monthly mean power density in this region ranges from about
9.28 kW h/m2 (December) in Yelwa to 471.44 kW h/m2 (June) in
Katsina.
The summary of the annual wind characteristics for the seven
sites for the period 1971–2007 and the wind resource classes of
these sites are shown in Table 3. The annual mean wind speed
O.S. Ohunakin et al. / Applied Energy 88 (2011) 3197–3206 3203ranges from 43.77W/m2 in Yelwa to 368.92 W/m2 in Kano, and
annual mean wind lies between 3.61 m/s in Yelwa and 7.77 m/s
in Kano. Similarly, Kano has the highest annual mean energy
of 3224.44 kW h/m2 while Yelwa has the least value of
383.65 kW h/m2.2 3 4 5 6
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Fig. 5. Selected plot of monthly mean power density against monthly mean wind speed (
locations.3.3. Correlation between monthly mean wind speed and power density
The relationship between the monthly mean power density and
the monthly mean wind speeds for the locations are presented in
Fig. 5. Also presented in Fig. 5 is the correlation curve for all the3 4 5 6 7 8
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a) Yelwa, (b) Zaria, (c) Sokoto, (d) Gusau, (e) Kaduna, (f) Katsina, (g) Kano and (h) All
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methods were used to ﬁnd the correlation between the mean
power density and mean wind speed. It can be observed that both
methods indicated a strong correlation ðR2 > 0:91Þ between the
two variables. However, irrespective of the locations, power curve
ﬁt method provides higher R2 value than the linear curve ﬁt
method and hence, it may be considered to be a better correlation
method for wind data analysis. In addition, the exponent of the
power curve ﬁt varied from 2.76 (Kano, Fig. 5f) to 3.21 (Yelwa,
Fig. 5a), which is in agreement with the cubic wind speed relation-
ship with the power density. Furthermore, the observed strong
linear correlation between these variables is due to the Weibull
probability density function f(V) which is involved in the expres-
sion of (V3) [5]. Fig. 5h shows that there is an excellent power ﬁt
correlation between the mean power density and wind speed for
the sites reported in this study. The exponent of the power curve
ﬁt equation is approximately 3. Therefore, the mean power density
(W/m2) for the North-West region of Nigeria as a function of the
mean wind speed (U m/s) can be expressed in form of power law
and it is given as:
P
A
¼ 0:79855U2:94881 ð21Þ3.4. The weibull parameters and site useful wind speed
The monthly and annual variation of Weibull parameters (k and
c) at the seven sites at the measurement height (10 m) are shown
in Tables 4. The lowest monthly value of Weibull shape parameterTable 4
Monthly and annual variation of Weibull parameters (k and c) for the seven sites at 10 m
Month Yelwa Zaria Sokoto Gusa
k c (m/s) k c (m/s) k c (m/s) k
January 4.0131 3.5401 4.8162 8.2330 5.1713 9.7831 3.95
February 3.0152 3.2643 4.1369 8.0501 4.1800 9.4000 3.50
March 4.2111 4.2660 4.9220 7.0546 5.2699 7.9145 4.58
April 3.3679 5.8711 6.1633 6.9499 5.5094 8.1923 8.00
May 2.4415 5.3071 6.5752 7.2206 9.5395 9.1459 7.15
June 3.3306 5.1571 7.4738 7.4961 10.127 9.4231 7.07
July 3.9063 4.2843 6.9021 6.5946 6.4462 8.4166 5.77
August 4.0365 3.7319 5.6591 5.4999 7.2632 6.5916 5.44
September 4.9352 3.4844 4.9778 4.6416 5.1192 6.2539 3.90
October 4.7477 3.1543 5.2265 4.3958 3.0423 6.7522 3.88
November 4.8948 2.8761 4.9889 5.7536 3.9709 8.3545 4.98
December 6.5946 2.8753 5.5512 7.1530 5.6461 8.5114 4.76
Annual 4.1245 3.9843 5.6161 6.5869 5.9404 8.2283 5.25
Table 5
Average monthly and annual values of the most probable wind speed (Vmp) and maximum
Month Yelwa Zaria Sokoto Gus
Vmp VmaxE Vmp VmaxE Vmp VmaxE Vmp
January 3.296 3.915 7.845 8.849 9.385 10.422 7.57
February 2.856 3.864 7.529 8.855 8.805 10.322 7.02
March 4.000 4.678 6.736 7.561 7.605 8.413 7.26
April 5.288 6.743 6.753 7.274 7.899 8.666 7.30
May 4.277 6.781 7.042 7.518 9.040 9.330 7.43
June 4.632 5.939 7.353 7.738 9.327 9.592 7.10
July 3.972 4.763 6.447 6.842 8.199 8.777 6.22
August 3.478 4.123 5.314 5.802 6.459 6.816 5.26
September 3.328 3.733 4.437 4.968 5.994 6.670 4.09
October 3.001 3.397 4.221 4.677 5.923 7.972 3.66
November 2.745 3.085 5.501 6.156 7.766 9.258 5.31
December 2.805 2.993 6.902 7.561 8.223 8.981 7.46
Annual 3.640 4.501 6.34 6.983 7.885 8.768 6.31k is obtained as 2.31 in the month of October in Katsina and the
highest value of 10.13 in the month of June in Sokoto. Therefore,
in this region, the wind speed is most uniform in Sokoto in June
while it is least uniform in Katsina in October. The monthly scale
parameter c has the lowest value of 2.88 m/s in the month of
December in Yelwa and highest value of 10.68 m/s in the month
of June in Katsina. The annual shape parameter varied between
4.04 in Kano and 6.11 in Kaduna while the annual scale parameter
varied between 3.98 m/s in Yelwa and 8.57 m/s in Kano.
Table 5 shows the monthly and annual values for the most
probable wind speed (Vmp), and the wind speed carrying maximum
energy (VmaxE) at height of 10 m. It can be observed that Kano has
the highest annual values of 7.91 m/s and 9.57 m/s among the se-
lected sites, while Yelwa has the least annual values of 3.64 m/s
and 4.50 m/s for Vmp and VmaxE respectively. According to Bagiorgas
et al. [5], the most probable wind speed (Vmp) is a statistical char-
acteristic which is not directly connected to wind energy. There-
fore, it does not necessarily mean that Kano has much higher
wind potentials than other locations considered. However, as was
mentioned before, the efﬁciency of a WECS is closely related to
these parameters especially VmaxE which should be as close as pos-
sible to design or rated wind speed of the system. Therefore, wind
turbine installed in Kano, Katsina and Sokoto would likely produce
more power than other locations.
However, monthly consideration shows that Katsina has the
highest values of 10.27 m/s in June and 11.45 m/s in January for
Vmp and VmaxE respectively while Yelwa is having the least monthly
values in November and December with 2.75 m/s and 2.99 m/s in
Vmp and VmaxE respectively. As expected, the sites wind speedheight.
u Kaduna Katsina Kano
c (m/s) k c (m/s) k c (m/s) k c (m/s)
49 8.1584 6.0435 7.3304 3.2127 9.8476 2.9831 8.8023
59 7.7348 4.3374 7.0848 2.9814 8.6057 2.9114 9.2444
39 7.6660 4.0625 6.4004 3.5233 7.3328 3.3603 8.7401
37 7.4258 6.6754 5.8182 5.2476 8.3157 5.3942 9.1389
41 7.5957 6.5069 5.8123 5.7532 9.6817 5.0327 9.8468
78 7.2545 8.6197 5.7923 5.3468 10.6748 3.9530 10.099
11 6.4311 8.3397 5.4594 4.3454 9.7056 4.0421 9.1026
37 5.4661 6.0243 5.0477 4.4975 7.4803 3.8999 7.8229
97 4.4151 6.0693 4.1039 4.7188 6.9225 4.3854 7.4229
68 3.9598 5.3878 3.6837 2.3110 6.1638 4.8710 6.9143
44 5.5628 5.1122 5.3193 4.5991 5.8480 3.4194 7.2918
36 7.8455 6.1295 6.4321 3.5413 7.8606 4.1854 8.4089
33 6.6263 6.1090 5.6904 4.1732 8.2032 4.0364 8.5696
wind speed (VmaxE) at 10 m height for the period 1971–2007.
au Kaduna Katsina Kano
VmaxE Vmp VmaxE Vmp VmaxE Vmp VmaxE
9 9.048 7.114 7.685 8.768 11.449 7.676 10.454
8 8.798 6.669 7.732 7.504 10.225 8.000 11.063
5 8.296 5.970 7.063 6.669 8.331 7.868 10.043
3 7.636 5.678 6.051 7.987 8.843 8.798 9.689
8 7.862 5.665 6.057 9.366 10.196 9.423 10.524
0 7.514 5.709 5.934 10.269 11.328 9.380 11.201
3 6.771 5.376 5.602 9.139 10.589 8.485 10.054
6 5.789 4.898 5.234 7.074 8.118 7.251 8.699
4 4.907 3.984 4.301 6.582 7.461 6.997 8.087
8 4.406 3.546 3.906 4.823 8.073 6.596 7.420
8 5.952 5.098 5.674 5.544 6.326 6.590 8.343
7 8.445 6.248 6.735 7.066 8.807 7.878 9.231
2 7.119 5.495 5.998 7.566 9.146 7.912 9.567
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Fig. 6. Weibull annual wind speed distribution (a) frequency distribution and (b)
cumulative distribution.
Table 6
Characteristics of the selected wind turbines.
Characteristics Suzlon
S52-600 kW
Suzlon
S82-1.5 MW
Vestas
V80-2 MW
Nordex
N80-2.5 MW
Hub height (m) 75 78.5 67 70
Rated power Pr (kW) 600 1500 2000 2500
Sweep area (m2) 2124 5281 5027 5026
Cut-in wind speed
Vc (m/s)
4 4 4 3
Rated wind speed
Vr (m/s)
13 14 16 15
Cut-off wind speed
Vf (m/s)
25 20 25 25
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8.27 m/s and 9.60 m/s respectively are observed for Vmp and VmaxE
in Katsina (rainy period) and Kano (dry season).Table 7
Annual power output and capacity factor of the selected wind turbine for the locations.
Location Suzlon S52-600 kW Suzlon S82-1.5 MW
Pe, ave (kW/year) Cf (%) Pe, ave (kW/year) Cf (
Yelwa 618.06 8.585 1317.33 7.
Zaria 2274.85 31.60 4555.48 25.
Sokoto 4437.87 61.64 9728.49 54.
Gusau 2495.47 34.66 5103.10 28.
Kaduna 1136.80 15.79 2212.63 12.
Katsina 4295.75 59.66 9276.95 51.
Kano 4677.06 64.96 10170.26 56.3.5. Wind speed frequency distribution
The annual probability density frequency and cumulative distri-
butions of wind speed for the seven locations obtained from the
Weibull distribution functions are shown in Fig. 6. The probability
density function indicates the fraction of time for which a given
wind speeds possibly prevails in a location. As expected the peak
of the density function frequencies of all the sites skewed towards
the higher values of mean wind speed (Fig. 6a). The peak of the
probability density function curve indicates the most frequent
velocity. It can be observed from Fig. 6a that themost frequentwind
speed expected in Yelwa, Zaria, Sokoto, Gusau, Kaduna, Katsina and
Kano are about 3.5, 6.5, 8, 6.5, 5.5, 7.5 and 8 m/s respectively. These
values agree with the annual values of Vmp presented in Table 5. In
addition, the chances of wind speed exceeding 8, 11, 13, 11, 9, 15
and 16 m/s in Yelwa, Zaria, Sokoto, Gusau, Kaduna, Katsina and
Kano were very limited. It can be observed that Katsina and Kano
have the highest spread of the wind speed toward high wind speed
among the seven locations.
The cumulative probability distributions of the wind speed in
the seven locations (Fig. 6b) show a similar trend. The cumulative
distribution function can be used for estimating the time for which
wind speed is within a certain speed interval. For wind speeds
greater or equal to 3 m/s cut-in wind speed, Yelwa, Zaria, Sokoto,
Gusau, Kaduna, Katsina and Kano have frequencies of about
73.3%, 98.8%, 99.8%, 98.5%, 98.0%, 98.5% and 98.6% respectively,
while the same locations respectively have frequencies of about
36.2%, 94.1%, 98.6%, 93.2%, 89.0%, 95.1% and 95.5%for wind speed
of 4 m/s cut-in wind speed. This indicates that wind turbine system
with cut-in wind speed of 3 m/s is suitable for all the locations. If a
wind turbine system with design cut-in wind speed of 2.2 m/s is
use in these sites as suggested by Ojosu and Salawu [12] for wind
energy resource for electricity generation in Nigeria, all the sites
will have frequencies of more than 90%.
3.6. Performance of selected wind turbines
Four wind turbines (Suzlon S52, Suzlon S82, Vestas V80 and
Nordex N80) each with rated power (Pr) 600, 1500, 2000 and
2500 kW respectively are selected to simulate their performance
in these seven locations. The characteristic properties of these
wind turbines are given in Table 6 while their power curves can
be found in Ucar and Balo [4]. The annual power output and capac-
ity factors of the selected wind turbines for these locations are
shown in Table 7. The annual power output and capacity are com-
puted with Eqs. (13) and (14) respectively, where the annual val-
ues k and c at the respective turbine hub height are used. It can
be observed that accumulated power output using Suzlon S52–
600 kW (75 m hub height) wind turbine ranges from 618.06 kW/
year (Yelwa) to 4677.06 kW/year (Kano). Similar trend is observed
for the other wind turbines in all the locations. However, the high-
est annual power is recorded using Nordex N80–2.5 MW with
14233.53 kW/year in Kano while the lowest is estimated for Yelwa
with 618.06 kW/year for Suzlon S52. The highest annual power isVestas V80-2 MW Nordex N80-2.5 MW
%) Pe, ave (kW/year) Cf (%) Pe, ave (kW/year) Cf (%)
32 916.09 3.82 1614.82 5.38
31 2400.89 10.01 4479.75 14.94
04 6378.31 26.58 11416.86 38.06
35 2973.74 12.39 5333.65 17.78
29 1089.88 4.54 2084.65 6.95
54 8307.27 34.62 12912.78 43.05
50 9223.35 38.43 14233.53 47.45
3206 O.S. Ohunakin et al. / Applied Energy 88 (2011) 3197–3206recorded in Kano because the value of VmaxE is nearest to the Vrated
of the wind turbines there.
The capacity factor shows similar trend to the annual power out-
put for all the sites and wind turbine models. The highest capacity
factor is calculated as 64.96% for Suzlon S52–600 kW in Kano while
the lowest is computed as 3.82% for Vestas V80–2 MW in the case of
Yelwa at 67 m hub height. In general, this table shows that for given
wind turbine model, a wind turbine sited in Kano, Katsina and Sok-
oto would generate more power than other locations. This may be
related to the ratio of the rated wind speed to the mean wind speed
(Vr/Vm) for these three sites which are closer to the suggested value
of 1.3 for site with trade winds [27]. With increasing value of Vr/Vm,
the capacity factor decreases for the all the sites. Other factors that
could inﬂuence the performance of a wind turbine in a given site
include both the designed rated and cut-in wind speeds of the tur-
bine. Furthermore, Table 7 shows that the capacity factor is greater
than the recommended minimum value of 0.25 for all the sites
expected Yelwa and Kaduna for the wind turbine models Suzlon
S52–600 kW and Suzlon S82–1.5 MW. For Vestas V80–2 MW and
Nordex N80–2.5 MW models only Sokoto, Katsina and Kano have
capacity factors greater than 0.25. This also follows previous obser-
vation that Kano, Katsina and Sokoto locations are excellent sites
for wind energy development to be used for electricity generation
while Zaria and Gusau are partially suitable. It can be suggested that
medium size wind turbinewith rated power of less than 1 MW, cut-
in wind speed of around 3 m/s and rated wind speed between 10
and 13 m/s will be suitable for this region.
4. Conclusions
The wind energy potential of seven locations in North-West
geo-political zone of Nigeria was analyzed based on the wind data
from 1971 to 2007 using two-parameter Weibull distributions. The
results can be concluded as follows:
 The minimum monthly mean wind speed is recorded in Yelwa
as 2.64 m/s in November while the maximum is found to be
9.84 m/s in June in Katsina. The annual wind speeds range from
3.61 m/s in Yelwa to 7.77 m/s in Kano.
 Weibull shape parameter k varies from 2.31 to 10.13 while the
scale parameter c is between 2.88 and 10.67 m/s.
 A relationship between the monthly mean power density and
mean wind speed is expressed in the form of linear and power
law. Both methods indicated a strong correlation (R2 > 0.91)
between the two variables. However, the power curve ﬁt gave
a better ﬁt with higher R2 values than linear curve ﬁt.
 The lowest annual average power density and energy are
obtained in Yelwa as 43.77W/m2 and 383.65 kW h/m2/year
respectively while the highest values are obtained in Kano as
368.92 W/m2 and 3224.44 kW h/m2/year in that order.
 Katsina has the highest values for Vmp and VmaxE with 10.269
and 11.449 m/s respectively, whereas the lowest values are
available as 2.745 and 2.993 m/s in Yelwa for the Vmp and VmaxE
respectively.
 The monthly variations of mean wind speeds taken at two syn-
optical hours of 9:00 and 15:00 shows that higher wind speeds
are only available in the morning hours than afternoon periods
for all the locations.
 The highest annual power is obtained with Nordex N80–
2.5 MW as 14233.53 kW/year in Kano while the lowest is got
in Yelwa having 618.06 kW/year for Suzlon S52. Furthermore,
64.95% is computed as the highest capacity factor for Suzlon
S52–600 kW in Kano while the lowest is calculated as 3.82%
for Vestas V80–2 MW in Yelwa. Sokoto, Katsina and Kano with annual average power densities
320.09, 339.85 and 368.95 W/m2 respectively fall under Class 6
of the international system of wind classiﬁcation and are con-
sidered very suitable for wind turbine applications; Gusau and
Zaria with annual average power densities 178.48 and
169.27W/m2 respectively exist in Class 3 and will be suitable
for wind energy development using taller wind turbine towers
while Kaduna will be considered marginal for wind power
development having fallen under Class 2 with mean annual
power density of 109.30 W/m2. Yelwa being in Class 1 with
annual mean power density of 43.77 W/m2 may only be ade-
quate for non-connected electrical and mechanical applications
like battery charging and water pumping.
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